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During the larval feeding period, the growth of the wing imaginal disks of Lepidoptera is dependent on continuous feeding. Feeding and
nutrition exert their effect via the secretion of bombyxin, the lepidopteran insulin-like hormone. When larvae stop feeding and enter the wandering
stage in preparation for metamorphosis, the control of imaginal disk growth becomes feeding and nutrition-independent. Growth of the wing
imaginal disks of non-feeding wandering stage Manduca sexta can be stopped by removal of the brain, indicating that a brain-derived factor is
required for continued disk growth. Isolated wing disk growth in vitro requires both 20-hydroxyecdysone (20E) and either brain extract or
bombyxin to achieve normal growth. In vitro, brain extracts and synthetic bombyxin have little or no effect in stimulating disk growth, but they
greatly enhance the effect of 20E, indicating that 20E and bombyxin act synergistically to modulate growth of the imaginal disk. Brain extract and
bombyxin induce a suite of insulin-response events in cultured wing disks, which indicate that bombyxin and 20E act through separate and
synergistic pathways. The dose-response to 20E reaches a plateau at about 0.1 μg/ml. Tracheal differentiation of the wing disks can be induced to
initiate in vitro by a low concentration of 20E, whereas higher concentrations of 20E only stimulate growth.
© 2006 Elsevier Inc. All rights reserved.Keywords: Manduca; Bombyxin; Ecdysone; Imaginal disk; Growth; Tissue cultureIntroduction
The wing imaginal disks of Lepidoptera grow continu-
ously and exponentially throughout the late larval and
prepupal periods (Miner et al., 2000; and this paper). During
the larval feeding phase, growth of the wing disk depends on
nutrition. When a larva is starved, imaginal disk growth
ceases within a few hours (Miner et al., 2000; Nijhout and
Grunert, 2002; A. Tobler, unpublished results). Likewise, if a
larva is fed on a diet of low nutritive value, larval growth
rate is slow and so is the growth rate of the imaginal disk.
During the feeding phase, growth of the wing imaginal disks
is modulated to remain in proportion to the growth of the
rest of the body.⁎ Corresponding author. Fax: +1 919 660 7293.
E-mail address: hfn@duke.edu (H.F. Nijhout).
0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.10.023Studies in Bombyx mori have shown that nutrition regulates
the secretion of bombyxin, the lepidopteran insulin. Starvation
of Bombyx larvae causes a decline in the level of bombyxin in
the blood, and injection of glucose stimulates bombyxin
secretion (Satake et al., 1997; Masumura et al., 2000).
Bombyxin could therefore be an indicator of the nutritional
state of the insect. In Drosophila, insulin-like proteins are also
involved in the regulation of nutrient-dependent growth
(Leevers and Hafen, 2004; Edgar and Nijhout, 2004).
Studies with isolated imaginal disks have revealed the
conditions required for normal growth. When wing imaginal
disks taken from feeding and growing last-instar larvae of
Precis coenia are placed in a nutrient-rich culture medium
they fail to grow. Such cultured disks can, however, be made
to grow at their normal rate by adding bombyxin and a low
optimal concentration of the steroid molting hormone 20-
hydroxyecdysone (20E) to the culture medium (Nijhout and
Grunert, 2002; see also Kawasaki, 1988).
Fig. 1. Growth of the forewing imaginal disk of Manduca sexta during the 5th
larval instar. The time is measured from the transition from the feeding to the
wandering stage. Growth is exponential during both the feeding and wandering
phase but the exponential rate is greater during the wandering phase. Points are
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ecdysteroids1 terminates larval growth and causes a larva to
stop feeding, purge its gut contents and enter the “wandering”
phase, during which it searches for a suitable place to pupate
(Nijhout, 1994; Nijhout et al., 2006). During the wandering
phase, the wing imaginal disks continue to grow on their normal
exponential trajectory, even though the larva has stopped
feeding (Williams, 1980; Nardi et al., 1985 and this paper).
Thus, when the larva enters the wandering stage, the control of
wing imaginal disk growth changes from being dependent on
continued feeding to being independent of feeding.
Here we study control of post-feeding wandering stage
growth of the wing imaginal disks of Manduca sexta. We show
that both the growth and differentiation that occur during this
period are controlled by hormones, and that normal growth and
differentiation can be stimulated in disks cultured in vitro.
Materials and methods
Larval maintenance and tissue culture
Larvae of M. sexta were reared on a standard laboratory diet, at a constant
temperature of 25°C, under a long-day (16L:8D) photoperiod. Under a long-day
photoperiod the larvae enter the wandering stage between 18 and 22 h after
lights on. Wing disks were dissected out after anesthetizing the larva for 5 min
under CO2. Prior to dissecting disks for tissue culture, larvae were surface-
sterilized by immersion for 2–3 min a in 1/750 solution of benzalkonium
chlorides (Matheson Coleman and Bell), and dissected in sterile saline in a
sterile laminar flow hood. Disks were cultured in 24-well plates (Costar 3524) in
300 μl Grace's medium (Gibco, Invitrogen) supplemented with 10% fetal calf
serum (Atlanta Biologicals) and 10% antibiotic–antimicotic (Sigma), under a
95% O2/5% CO2 atmosphere. Pairs of wing disks from the same individuals
were cultured, using one wing as an untreated control and the other wing as the
experimental. Unless noted otherwise, size change during culture was measured
as the difference between control and experimental wings from the same
individual. Some experiments used hemolymph supplementation. Hemolymph
from mid-final instar larvae was collected in 1.5 ml Eppendorf tubes and
immediately immersed in a boiling water bath for 5 min. Coagulated proteins
were precipitated by centrifugation at 14,000×g for 10 min. The clear
supernatant was added to the culture medium at 10%.
Size measurements
We used 4 measures of size of the wing imaginal disks. (1) Length of the
disk was measured on a freshly dissected disk under a dissecting microscope
using an ocular micrometer. (2) Disk surface area was measured from digital
photographs of freshly dissected wings using SigmaScan Pro 5.0 (SPSS Inc.,
Chicago, IL). (3) Dry weight was determined by rinsing dissected disks in
saline, drying them at 70°C for 48 h. Weights were determined to the nearest
1 μg on a Cahn-25 electrobalance. (4) Protein determination was done as
follows. Dissected disks were rinsed in saline, and placed into 200 μl saline in
an Eppendorf tube and sonicated using three 10-s pulses of a tuned Fisher
Model 550 Sonic Dismembranator. Debris was centrifuged and soluble protein
was determined using the BCA assay (Pierce Biotechnology, Rockford, IL).
Brain extracts and bombyxin and 20E
Brains were disrupted by sonication in a 1.5 ml Eppendorf tube and
immediately immersed in a boiling water bath for 5 min to precipitate large1 We use the term ecdysteroid and ecdysone generically, and use 20-
hydroxyecdysone (20E) when referring specifically to the molecule used in the
experimental work.proteins. The tubes were centrifuged at 14,000×g for 5 min and the supernatant
collected for further use. Test cultures used approximately 2.5 brain equivalents/
300 μl. Pure synthetic bombyxin-II was a generous gift from Dr. Hiroshi
Kataoka and Dr. Shinji Nagata of the University of Tokyo. 20-Hydroxyecdysone
(Sigma) was dissolved in Grace's medium to make a working stock of 2 μg/ml.
A 1/20 dilution of this stock in supplemented Grace's medium gave a
concentration of 0.1 μg/ml, which is the concentration used in most experiments,
unless otherwise noted. All concentrations used are reported in units of μg/ml
(1 μg/ml 20E is approximately 2.1 μM).
Insulin signaling
Antibodies directed against Drosophila phosphorylated Akt (Ser505), and
mammalian phosphorylated insulin receptor (Tyr1135/1136) and actin were
obtained from Cell Signaling Technology (antibody numbers 4054, 3024, 4968,
respectively). Secondary antibody (horseradish peroxidase (HRP)-linked anti-
rabbit IgG) was also obtained from Cell Signaling. Western blots were prepared
from 8% SDS gels, incubated with antibodies, and bands visualized by ECL, as
described by Smith et al. (2003).Results
Growth and differentiation
Fig. 1 illustrates the growth in dry weight of the fore wing
imaginal disk during the feeding phase and wandering phase of
the last larval instar. It is evident that, although growth is
exponential, the rate of growth of the wing disk increases as the
larva enters the non-feeding wandering stage (nonlinear
regression shows that the exponent increases from 0.64 to 0.74).
Thus after the larva stops feeding and enters the wandering
stage the control over disk growth changes from being nutrient-
dependent to nutrient-independent, and at the same time the
growth rate increases significantly. The morphology of the
growing Manduca wing disk is shown in Fig. 2. Tracheal
migration and wing vein differentiation begin about 12 h after
entry into the wandering stage. The overall pattern of growthmeans for 6–14 disks. Bars are standard errors of the means. The asterisk
indicates the peak of ecdysone that stimulates entry into the wandering stage.
The period of tracheal differentiation (see Fig. 3) is indicated by the width of the
white box. Ecdysone titers are indicated by the shaded area under the curve and
are from Baker et al. (1987).
Fig. 2. Growth and differentiation of the fore wing imaginal disk ofManduca sexta during the 5th larval instar and wandering stage. During the feeding stage (enclosed
in gray box) wing disk size stays in proportion to somatic size. The developmental “age” of the larva is indicated below each disk by the weight of the larva (in grams).
During the wandering stage disk growth is independent of somatic growth and developmental “age” is indicated as hours after the initiation of wandering. Numbers
below wandering stage disks indicate scoring system used to quantify tracheal differentiation. Tracheal migration starts about 6 h after initiation of wandering and the
tracheal system and is fully developed at about 60 h.
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resembles that described by Nardi et al. (1985). An arbitrary
scoring system for wing vein differentiation was devised in such
a way that the score increases by approximately one unit per day
(Fig. 3).
Fig. 4 illustrates the four different measures of growth of the
fore wing imaginal disk, in vivo, during the first 3 days of the
wandering stage. Because we will be interested in comparing
growth in vitro to normal growth in vivo, we calculate the
expected size increase in the first 2 days after the initiation of the
wandering stage, which is our standard period of culture. In
2 days in vivo, the increase of disk length is approximatelyFig. 3. Differentiation of the fore wing imaginal disk after the initiation of
wandering. Scoring system as in Fig. 2.120%, of disk area is 130%, of dry weight is 167%, and of
protein content is 150%. The growth rate of disk area is not the
square of disk length, as would be expected in isometric growth,
and this is because disks change shape as they grow. Although
the growth in mass is initially slower than protein growth,
growth in mass increases more rapidly over time than protein
growth. This suggests that as the disk grows, a progressively
greater portion of its dry mass is not protein. It is possible that
the extra mass is due to the development of a chitinous cuticle.
The brain is required for post-wandering disk growth
We found that when a blood-tight ligature is placed between
the prothorax and mesothorax about 6 h after entering the
wandering stage, or when the brain is removed at that time, the
wing imaginal disks stop growing (Fig. 5). Thus, although in
wandering larvae feeding is not required for normal disk
growth, it appears that some activity from the brain is required.
Injections of 20E into neck-ligated or brainless larvae can
partially restore disk growth (Fig. 5). These experiments show
that the brain is necessary for imaginal disk growth, and that the
brain exerts at least some of its effect through the stimulation of
ecdysteroid secretion. In neck-ligated larvae disk growth is
reduced more than in brainless larvae, indicating that the head
may contribute more than just brain products.
The subesophageal ganglion contains small amounts of the
prothoracicotropic hormone (PTTH; Westbrook et al., 1993), so
PTTH-stimulated secretion of ecdysteroids may have a minor
stimulatory effect on imaginal disk growth in brainless larvae.
The failure of 20E injections to restore normal disk growth is
Fig. 4. Four measures of wing imaginal disk growth during the first 3 days after the initiation of the wandering stage. Exponential regression are as follows: disk
length=0.95+0.057 exp(1.40*age), r 2=0.999; Disk area=0.90+0.053 exp(1.44*age), r 2=0.999; dry weight=0.080+0.056 exp(0.74*age), r 2=0.993;
protein=8.90+0.33 exp(1.57*age), r 2=0.999. Age is in days, and we typically begin cultures with disks about 0.25 days after initiation of the wandering stage.
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rapidly, with a half-life of about 6 h (Nijhout, 1976), so that
injections cannot maintain a physiologically appropriate level of
ecdysone.Fig. 5. Effect of ecdysone on imaginal disk growth in neck-ligated and brainless
larvae. 20E was injected in equal doses every 12 h for 3 days, after which the
imaginal disks were removed and measured. Zero dose data show the amount of
growth that occurs in unoperated control and in brainless and neck-ligated
animals over a 3 day period. Although ecdysone injections stimulate some disk
growth, they are unable to induce a normal amount of growth.Control of imaginal disk growth in vitro
In order to better investigate the role of ecdysteroids in the
control of imaginal disk growth we studied the growth of wing
imaginal disks (taken approximately 6 h after the initiation of
wandering) in tissue culture. Culturing wing disks with 20E
alone stimulated a modest amount of growth, whereas
culturing wing disks with brain extract resulted in no growth
at all (Fig. 6). By contrast, culturing wing disks with 20E plus
a brain extract resulted in a nearly normal rate of growth (Fig.
6). Wing disks were also cultured with 20E plus 10% heat-
treated hemolymph taken from mid 5th instar larvae. Adding
hemolymph supported substantially greater growth than 20E
alone: with 5 μg/ml 20E we obtained approximately half the
growth rate observed in vivo (Fig. 6). These experiments show
that both the brain and the hemolymph contain a factor that
acts synergistically with 20E to stimulate growth of the wing
imaginal disk. Similar experiments with P. coenia have shown
that his factor is the neorohormone bombyxin (Nijhout and
Grunert, 2002). Culturing Manduca wing disks with 0.3 ng/ml
pure synthetic bombyxin-II stimulated very little growth over a
48 h period, but the same concentration of bombyxin-II added
to 20E greatly enhanced the 20E-stimulated growth of disks
(Fig. 6).
Fig. 6. Growth of wing imaginal disks in vitro. All disks were cultured with the
supplements indicated for 48 h. Size of the disks was measured as dry weight,
and growth was measured relative to control disk grown in medium without
hormone additive. 20-Hydroxyecdysone (20E) stimulates a moderate amount of
growth, which is enhanced by the addition of either brain extracts (BE), 10%
heat-inactivated hemolymph (HEM) or 0.3 ng/ml synthetic bombyxin-II (BBX).
Each bar represents the mean of 5–10 disks. Bars are standard errors.
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no effect at or below 0.01 μg/ml, and the effect of 20E saturates
at concentrations above 0.5 to 1.0 μg/ml. There is no inhibitionFig. 7. Dose-response to 20E of wing imaginal disks taken before (panel A) and
after (panel B) wandering. Disks were incubated with 20E at the concentrations
indicated, in a medium that also contained 10% heat inactivated hemolymph.
Pre-wandering disks were incubated for 72 h; post-wandering disk were
incubated for 48 h. Size of the disks was measured as dry weight, and growth
was measured relative to control disk grown in unsupplemented medium. Each
point represents the mean of 5–10 disks. Bars are standard errors. The curves are
derived by nonlinear regression to the best-fitting sigmoid of the form y=a+
bxn / (cn+xn). For the pre-wandering response r 2=0.918 and for wandering
response r 2=0.920.at high concentrations of 20E as observed in Precis (Nijhout
and Grunert, 2002). Wing disks taken from feeding larvae
weighing between 7 and 9 g exhibit a different dose–response
relationship than disks taken from wandering larvae (Figs. 7A,
B). For feeding larvae the ED50 is approximately 0.038 μg/ml,
whereas for disk from wandering larvae the ED50 is 0.925 μg/
ml. Thus prewandering stage disks appear to be about three
times more sensitive to 20E than wandering stage disks but
grow at a slower rate, both in vivo and in vitro. The shape of the
dose–response curve for wandering larvae is almost switch-like,
in contrast to the prewandering dose response which shows a
more typical graded response. The mechanism and function of
this switch-like response are currently under investigation.
Brain extract stimulates insulin-signaling events
Insulin-like hormones stimulate tyrosine phosphorylation of
a highly conserved amino acid sequence (YETDYY) of the
insulin receptor. An antibody to the dually phosphorylated form
of this sequence was used to confirm that the active material in
brain extract activates an insulin-like receptor. In this experi-
ment, discs were exposed to 20E and/or brain extract for only
30 min, to capture phosphorylation events that are generally
short-lived. As seen in Fig. 8, brain extract alone stimulates
phosphorylation of an 85 kDa protein, corresponding in size to
the β subunit of the mammalian insulin receptor. A clone of the
B. mori insulin receptor predicts a protein of similar size
(Swevers and Iatrou, 2003), as does our own partial clone of the
M. sexta receptor (Smith, unpublished). Even loading of lanes
on the Western blot was verified with the use of anti-actin
antibody, which detects actin (45 kDa) and a smaller actin
fragment (30 kDa).
An additional signaling kinase typically activated by insulin-
like growth factors, Akt/protein kinase B, was also studied
using an antibody directed against a highly conserved
phosphorylated domain. As shown in Fig. 8, brain extractFig. 8. Phosphoprotein response of cultured wing disks. Disks were removed
from larvae on the day of wandering, and cultured for 24 h in Grace's medium,
followed by a 30-min challenge in medium containing brain extract (BE), 20-
hydroxyecdysone (20HE), bombyxin II (BxnII), or no hormones (Control, C), as
indicated. Western blots of disk proteins were probed with antibodies directed
against phosphopeptides from highly conserved regions of the insulin receptor
(pIR) or Akt (pAkt). Anti-actin antibody was used as a loading control (cross-
reacts with 45 kDa actin and a 30 kDa actin cleavage product). Molecular mass
of protein standards is shown at right.
Fig. 9. Role of ecdysone in regulating tracheal differentiation. Paired disks from the same individual cultured for 24 h. Top row control (cultured without 20E); bottom
row experimental (cultured with 20E). Left column: 0.2 μg/ml 20E, right column, 0.05 μg/ml 20E. High doses of ecdysone only stimulate growth. Low doses of
ecdysone stimulate both tracheal development and growth. Green channel: DAPI fluorescence. Red channel: tracheal cuticle auto-fluorescence.
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evidenced by increased intensity of a 65 kDa protein cross-
reacting with antibody against a conserved Akt phosphoserine
(Fig. 8). Bombyxin-II from B. mori (courtesy of Dr. H. Kataoka
and colleagues, Tokyo University), as well as HPLC-purified
material from M. sexta (see p. 6), increased the intensities of
both the 85 kDa (putative phospho-insulin receptor) and 65 kDa
(putative phospho-Akt) bands (Fig. 8). Thus, it is likely that
bombyxin is the component of brain extract that increases
phosphorylation of conserved domains of Akt and insulin
receptor.
20-Hydroxyecdysone alone did not stimulate phosphoryla-
tion of the insulin receptor or Akt, nor were the effects of brain
extract on protein phosphorylation enhanced by ecdysone, at
least within the 30 min test period (Fig. 8). Results of the present
study thus indicate that brain extract stimulates typical
phosphoproteins activated by insulin. Further, the growth-
augmenting effects of 20E are not a result of a synergistic effect
of the steroid on phosphorylation of typical insulin-pathway
signaling proteins.
Control of differentiation in vitro
Differentiation of the wing disk during the wandering stage
consists of development of the lacunae that will form the wing
veins, and the invasion of the lacunae by the tracheal system. At
the base of each wing disk there is a dense tracheal bundle from
which trachea migrate out to invade the lacunae. Tracheal
migration starts at about 12 h after the beginning of the
wandering stage and the tracheal system of the wing develops
over the next 2 days (Fig. 2).When wing disks are incubated with 0.1 μg/ml 20E they
grow normally, but they do not develop a normal tracheation. In
vivo, the tracheation begins to develop while the ecdysteroid
levels are still low (Fig. 1), so we considered the possibility that
tracheal differentiation requires a relatively low level of
ecdysteroids. We cultured pairs of wing disks with various
concentrations of 20E (plus either brain homogenate or heat-
treated hemolymph) and quantified tracheal growth after 24 h.
We found that little or no tracheal development occurred at
0.15 μg/ml and 0.20 μg/ml 20E, but a lower concentration of
0.05 μg/ml 20E stimulated normal tracheal development (Fig.
9). The tracheal score increased by approximately one unit (Fig.
3) during 24 h culture in vitro, which is nearly identical to that
which occurs in vivo.
Discussion
Growth of the wing imaginal disks of Manduca, in situ, is
continuous and exponential. The exponential rate increases
when the larva stops feeding and enters the wandering stage,
indicating that there is a change in the control of growth at the
transition to the wandering stage. The transition to the
wandering stage is stimulated by a small increase in ecdysteroid
titer, and is followed 2 days later by a massive surge in
ecdysteroid secretion that initiates the molt to the pupal stage
(Fig. 1). The increase in growth rate occurs during the transition
to the wandering stage and is presumably a response to the small
peak of ecdysteroids that stimulates this transition and the
generally higher ecdysteroid concentration that follows.
The much larger increase of ecdysteroids, which stimulates
pupation and the initiation of adult development a few days
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disks. In B. mori there is an increased secretion of bombyxin
several days after initiation of the wandering stage (Saegusa et
al., 1992), and this may also occur in Manduca as suggested by
the disappearance of immunostaining material from the brain
(Nogueira et al., 1997). This presumptive enhanced secretion of
bombyxin coincides approximately with the large surge of
ecdysteroids that initiates the pupal molt and adult develop-
ment, so it is possible that an interplay between the two
hormones continues to play an important role in subsequent
stages of adult development.
Unlike the wing disks of Precis, which require an optimal
concentration of 20E and fail to grow when the 20E
concentration is either too low or too high (Nijhout and
Grunert, 2002), the growth rate of the wing imaginal disks of
Manduca reaches a plateau at about 0.1 μg/ml 20E, and higher
concentrations neither enhance nor inhibit this maximal growth
rate in vitro. The concentration of 20E that elicits maximal
growth is the same for wing disks before and after the start of
the wandering stage, and corresponds to the concentration
(about 0.1 μg/ml) that stimulates optimal growth in Precis
imaginal wing disks in vitro (Nijhout and Grunert, 2002). The
shape of the dose–response curves for 20E are very different in
pre- and post-wandering imaginal disks. In post-wandering
disks the response to 20E is switch-like, which is further
evidence that suggests there is a change in the mechanism by
which imaginal disk growth is controlled when the larva enters
the wandering stage.
These findings stand in contrast to those of Stevens et al.
(1980), Dinan et al. (1990), and Mottier et al. (2004), who
found that in insect cell lines 20E (at approximately 1 μM,
which corresponds to about 0.5 μg/ml) suppresses cell
proliferation by arresting the cell cycle at G2. This effect
appears to occur via an inhibition of cyclin A and B expression
(Mottier et al., 2004). In addition, Champlin and Truman
(1998) have shown that in the eye imaginal disks of Manduca,
low levels of ecdysone stimulate cell proliferation, whereas
high levels of ecdysone inhibit cell proliferation and stimulate
cellular differentiation. The mechanism by which 20E can
stimulate growth at some concentrations and inhibit cell
proliferation at other concentrations is not understood. It does
not appear to be the case in wing imaginal disks, so it is
possible that it is a symptom of important regulatory dif-
ferences between early- and late-forming imaginal disks, and
between the mechanisms that control proliferation in normal
intact tissues and in immortalized cell lines.
Insulin signaling has been shown to be required for nutrition-
dependent somatic growth in Drosophila (Brogiolo et al.,
2001). It is now clear that nutrition exerts its growth-regulating
effect via the stimulation of secretion of insulin-like peptides
(Britton and Edgar, 1998; Britton et al., 2002; Ikeya et al.,
2002). Stimulation of phosphorylation of the Manduca insulin
receptor and of the downstream signaling kinase Akt by
synthetic bombyxin-II, and by the same brain extracts that
enhance growth of the imaginal disks in vitro, indicate that
bombyxin acts via a typical insulin-signaling pathway. Our
results thus show that during the wandering stage, bombyxinsecretion does not require nutrition and feeding, as it does
during the larval feeding stage.
Perhaps the most important finding is that brain extracts, as
well as pure synthetic bombyxin-II, by themselves stimulate
little or no disk growth, but that they greatly enhance 20E-
stimulated growth (Fig. 6). These findings suggest that insulin
signaling by itself has little or no effect on growth in this
system, and that its effect is only manifest as an enhancer of
20E. This implies that variation in both bombyxin and 20E can
affect growth rate, and experiments that appear to detect only an
effect of insulin signaling may do so because they are done in a
constant (or uncontrolled) ecdysteroid environment. Modula-
tion of disk growth to keep pace with variation in somatic
growth during periods of variable growth and nutrition could
thus come about by variation in 20E, or bombyxin, or both.
Growth regulation appears not to be the exclusive domain of
insulin signaling, and our experiments suggest that ecdysone
signaling may, in fact, be more important insofar as 20E, by
itself, is able to stimulate a greater amount of growth than
bombyxin alone (Fig. 6).
During the wandering stage the wing imaginal disks of
Manduca undergo extensive differentiation of the venation and
tracheal system (Fig. 2). Tracheal migration into the lacunae
begins about 6 h after the initiation of wandering and extends
over a 2-day period (Figs. 1 and 2). In this regard the wing
imaginal disks of Manduca differ significantly from those of
Precis, where tracheal migration and wing vein differentiation
occurs during the feeding stage of the last instar larva (Miner et
al., 2000). In Manduca tracheal migration begins before the
peak of ecdysteroid secretion that initiates the pupal molt and
continues until after the peak level of ecdysteroids is reached
(Fig. 1). We found that we can specifically stimulate tracheal
development in cultured wing imaginal disks by using low
concentrations of 20E (0.05 μg/ml). Tracheal development
failed to initiate at higher concentrations of 20E, although these
higher concentrations induced normal growth of the wing disk.
In vivo tracheal development continues as the ecdysteroid titer
rises to its highest peak, which indicates that high ecdysteroid
levels do not inhibit the progression of tracheal development. It
is therefore likely that low concentrations of 20E are only
required to initiate tracheal development, and that the
continuation of tracheal development is supported by a broad
range of ecdysteroid concentrations.
The control of wing imaginal disk growth is multifactorial.
Prior to the wandering stage growth is stimulated by nutrition,
and by ecdysone and insulin signaling, but disk growth is also
inhibited by juvenile hormone (Kremen and Nijhout, 1998;
Miner et al., 2000; Truman et al., 2006; Nijhout unpublished).
After the initiation of wandering, disk growth still depends on
ecdysone and insulin signaling, but has become independent of
nutrition and is insensitive to juvenile hormone (Nijhout,
unpublished). All three of these endocrine factors change
dynamically during the growth phase of a Manduca larva and
throughout metamorphosis, but the wing disks continue an
uninterrupted exponential growth trajectory during this period.
Although the players in the regulatory process are gradually
becoming known, the mechanism by which they control normal
576 H.F. Nijhout et al. / Developmental Biology 302 (2007) 569–576growth that stays in proportion to that of the body still remains a
challenging puzzle.
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